In this work, the role of the nitrogen content, the annealing temperature and the sample morphology on the luminescence properties of Ce 3+ and Tb 3+ co-doped SiOxNy thin films has been investigated. An increasing nitrogen atomic percentage has been incorporated in the host matrix by gradually replacing oxygen by nitrogen during fabrication while maintaining the Si content unaltered, obtaining a sequential variation in the film composition from nearly stoichiometric SiO2 to SiOxNy. The study of rare earth doped single layers has allowed us to identify the parameters that yield an optimum optical performance 
intense EL emission at 1.55 µm that is suitable for the development of integrated light sources operating at telecom wavelengths. 2327 On the other hand, Ce 3+ , Tb 3+ and Eu 3+ -doped SiO2 (SiOx) thin films showed encouraging properties to develop integrated red-green-blue micro-displays. [28] [29] [30] [31] Despite this interesting scenario, RE-doped oxides also present important drawbacks that need to be overcome, such as the high voltage operation for the EL threshold, the formation of nonemitting RE clusters inside the SiO2 or the progressive film degradation as a consequence of the continuous hot carrier injection under electrical pumping. [23] [24] [25] Such detrimental performance is mostly caused by the large bandgap of SiO2, which is around ~ 9 eV. Therefore, silicon nitride (Si3N4) has often been postulated as a promising host material to replace SiO2, as it has much lower bandgap (~ 4 eV), is silicon compatible and provides a suitable environment for RE ions. [26] [27] [28] Unfortunately, with direct impact excitation of hot electrons being the main excitation mechanism of RE ions under electrical pumping, Si3N4 also presents lower RE excitation efficiency as the number of injected hot carriers is much lower than in SiO2. 29 In view of this scenario, the exploration of new CMOS compatible materials to be used as hosts for RE ions in Si-based light sources is still ongoing. In that regard, one of the promising compounds is SiOxNy. This material, if grown with the appropriate parameters, may retain the advantages of SiO2 and Si3N4 while providing additional benefits such as low mechanical stress or good resistance to oxidation. [30] [31] [32] [33] [34] [35] We shall note that although previous works have already suggested this matrix as suitable for the development of RE-doped Si-based light sources, the role of several key fabrication parameters on their optical properties has not yet been studied in detail. Similarly, the luminescence properties of rare earth co-doped thin films, in which the ion-ion interaction is controlled at will to yield different spectral patterns has not yet been explored. Therefore, this work focuses on the study of the optical properties of Ce 3+ -and Tb
3+
-doped SiOxNy thin films for the development of widely tunable Si-based light sources. Firstly, thin films with a single RE dopant (either Ce 3+ or Tb
) were fabricated and characterized to disclose the best annealing temperature and the most favorable nitrogen atomic percentage that yields an outstanding performance. Based on these results, the co-doping approach was also investigated in several samples containing different morphologies: (i) a single layer with Ce 3+ and Tb 3+ ions randomly distributed, (ii) a bilayer composed of a Ce 3+ -doped and a Tb 3+ -doped single layer (different RE species are deposited sequentially) and (iii) a multilayer design in which Ce
-doped and Tb 3+ -doped single layers are physically separated by thin SiO2 spacers to prevent mixing of RE ions during annealing. Intense and tunable luminescence from cobalt blue to emerald green is demonstrated under daylight conditions. Finally, a first inspection of the optoelectronic properties of RE-doped thin films was performed after deposition of transparent conductive electrodes over selected samples.
Several charge transport mechanisms were identified and correlated with film stoichiometry, EL and layer degradation.
II. MATERIALS AND METHODS
Thin films were deposited by electron cyclotron plasma enhanced chemical vapour deposition (ECR-PECVD) on a highly n-type doped double side polished Si wafer (˂100˃ oriented) using three different precursor gases diluted in Ar (SiH4 at 30 %, O2 at 10 % and N2 at 10 %). Departing from a nearly stoichiometric SiO2 film using only SiH4/Ar and O2/Ar lines (operating at 2.5 and 25 sccm, respectively), the composition was then gradually varied by increasing the N2/Ar gas flow rate from 0 to 25 sccm in steps of 5 sccm while evenly decreasing the O2/Ar gas flow rate by the same amount. A gradual replacement of oxygen by nitrogen was expected in the matrix. Base and operating pressure values of 4.3·10 -4 and 3·10 -3 Torr were measured,
respectively. An average deposition rate of ~ 0. connected to a couple of RE shower head towers that are located in front of the Si substrate. Finally, deposited samples underwent an annealing treatment for 1 h in an inert N2 ambient at different temperatures ranging from 500 °C up to 1180 °C, in steps of 100 °C. 36 Such fabrication procedure, with only the Si precursor gas containing a potential H2 source (in the form of SiH4) combined with the moderately high annealing temperatures and the hydrogen-free annealing environment (N2) used is expected to minimize the undesired Si-OH, Si-H and N-H bonds that are commonly identified in samples fabricated by plasma enhanced techniques. 37, 38 Further details of sample fabrication can be found elsewhere. 39 Film composition was verified using Rutherford Backscattering Spectrometry (RBS) using 1.8 MeV He + ions in a Cornell geometry with a dose of 4 µC. The random rotation mode was selected to minimize the substrate channeling, with the samples oriented at 5 ° with respect to the incident beam. RBS spectra were modelled using the SIMNRA simulation software. 40 A summary of the main deposition parameters, sample composition and film thickness is shown in Table I .
The optical properties and film thickness were determined by Variable Angle Spectroscopic Ellipsometry (VASE) using a J. A. Woollam M-2000 UV-Vis ellipsometer with near-infrared extension. The data were acquired at 5 angles of incidence:
55°, 60°, 65°, 70° and 75°. Measurements were taken from 250 nm up to 1700 nm, with a step of 1.5 nm. Experimental data was modelled with the J. A. Woollam's CompleteEASE TM software package assuming a single homogeneous layer with surface roughness on a Si substrate. 41 Non-absorbing films were modelled using a Cauchy dispersion relation. On the contrary, three different models were sequentially applied to absorbing films: a Cauchy dispersion relation, a B-spline model with complex refractive index, and finally a Kramers-Kronig consistent parametric model using a Tauc-Lorentz oscillator. Best simulated parameters were adjusted through minimization of the mean-square error between model and experiment (MSE < 6 in all cases). Photoluminescence (PL) emission of samples was obtained under continuous-wave external lasing excitation at 325 nm with a He-Cd laser, with an average laser power of 10 mWSpectra were recorded with a charge-coupled device spectrometer with a resolution of 0.1 nm. Chromaticity coordinates were obtained using the BenWin+ software. Cathodoluminescence (CL) measurements were carried out on a FE-scanning electron microscopy (SEM) equipped with a high resolution spectrometer coupled to an objective that is placed at a working distance of 1.2 cm from the sample. An electron beam of 20 keV with a current value of 36 nA was used as excitation source.
Film morphology was inspected by high-resolution transmission electron microscopy (HRTEM) using a JEOL 2010F The microstructure of deposited ITO electrodes was determined by X-ray diffraction (XRD) using the Cu Kα radiation (1.540598 Å) in the 0-80° range with a step size of 0.026° and a holding time of 100 s. The tube voltage and current were 45 kV and 40 mA, respectively. The surface topography of the ITO electrodes was resolved by confocal microscopy. A semiconductor device analyzer connected to a high-precision probe station and coupled to an optical detection system composed by a near field objective, a grating spectrometer and a cryogenically cooled charge coupled device was used for the optoelectronic characterization of thin films.
III. RESULTS AND DISCUSSION
The study of deposited films was performed according to the following methodology: At first, the layer composition and optical properties of RE-doped thin films containing single luminescent species (either Ce  3+ or Tb   3+ ) were studied by means of RBS and VASE measurements (sections A and B), followed by the study of the PL characteristic and the HRTEM characterization of selected samples (sections C and D). Later on, the best fabrication parameters that yield superior luminescence of thin films were chosen and used to fabricate RE co-doped thin films and multilayers with two different dopants, i.e. Ce 3+ and Tb 3+ (section E). Finally, after a preliminary characterization of their optical properties and morphology by means of PL and HRTEM measurements, the suitability of these RE-doped thin films to be used as active elements in electrically driven light sources was tested by depositing a series of transparent electrodes over selected samples to obtain a general overview of their optoelectronic properties (section F).
A. Rutherford Backscattering Spectrometry
The fabrication procedure explained in the previous section allowed us to obtain a set of samples with a gradual variation of layer composition from a nearly stoichiometric SiO2 figure 1(a) ). Moreover, several peaks appear superimposed on the background Si signal that belong to the remaining constitutive elements of the deposited film, i.e. O and N (also marked in figure 1(a) ). Such signal overlap between the Si substrate and the compositional elements puts forward the importance of the substrate in RBS analysis to fully exploit the results. Thus, optimum resolution is obtained for targeted materials composed of 'heavy' elements deposited on 'light' substrates with lower atomic numbers. In this case, however, and despite the overlap displayed in O and N elements, a fairly good estimate of layer composition was obtained since overlapping signals were well-resolved above the substrate background in all cases. Similarly, the Si signal shows a wellresolved double step-like decay of the number of counts around 1000 keV attributed to a transition in the Si signal produced by the combination of two different phenomena; (i) the different density of Si nuclei between the deposited thin film and the Si substrate; and (ii) the fact that back-reflected ions colliding with Si nuclei in the substrate have already lost more energy by electron scattering than the ones reflected by Si nuclei belonging to the deposited film. This is considered as a thicknessdependent effect since it becomes more evident for thicker films and also produces the broadening of the RBS signal for a particular element due to the electronic stopping. Indeed, it could be used to approximately determine the layer thickness of a particular sample, provided that such value is lower than the physical penetration limit (around ~ 2 µm for 4 He + ions).
A comparison between normalized Ce-and Tb-related RBS signals is displayed in Figure 1 (b). As can be observed, Tb RBS signal is centered at higher energy values than the Ce signal. This fact agrees well with the theory of RBS analysis, 43 since the relative energy loss of the back-reflected signal with regard to the incident beam is expected to decrease for higher atomic numbers of the targeted element. Thus, the fact that the back-reflected energy spectrum from Tb nuclei is closer to the value of the incident beam (1800 keV) than the one of Ce is justified by the difference in atomic numbers between both elements (Z = 65 for Tb and Z = 58 for Ce). Moreover, the relatively flat tops of the Tb and Ce spectra in figure 1(b) also indicates a fairly homogeneous distribution of RE elements along the entire depth profile, which is desirable from the optoelectronic viewpoint. Figure 2 shows the most relevant features extracted from VASE analysis (color bar scales) as a function of the annealing temperature (x-axis scale) and the nitrogen atomic percentage (y-axis scale). In particular, figure 2(a) depicts the measured layer thickness for the studied set of samples. It is worth to mention that marginal sample roughness was found in all cases, with a mean value below 2 nm. A clear layer shrinkage is observed upon oxygen by nitrogen replacement in the matrix (for a deposition time of 1 h in all samples), denoting higher density in SiOxNy films compared to SiO2, as expected . 44 A relative shrinkage of about 25 % was measured compared to the as-deposited SiO2 reference layer. Similarly, a moderate reduction of the effective layer thickness up to 5 % is observed for increasing annealing temperatures. In this latter case however, we attribute such thickness shrinkage to an effective reduction of voids via thermally-activated desorption of H from the matrix since no remarkable variation in composition was measured in RBS analysis for as-deposited and annealed samples. 45 Figure 2(b) displays a color map of the measured refractive index (n) at 632.8 nm, with the expected linear dependence between the increase of the nitrogen content in the matrix and n. 46 The values for n range from 1.5, close to the one typically reported for SiO2, up to 1.8 for the maximum nitrogen content (42 at. %). Indeed, this last value is close to the optimum one (n ~ 1.75) for a stress-compensated layer. 47 On the other hand, the marginal dependence of n on the annealing temperature denotes a stable layer composition when samples are subjected to different annealing temperatures.
B. Variable Angle Spectroscopic Ellipsometry
Similarly, figure 2(c) presents the dependence of the fundamental absorption band edge (Eg) of samples on the annealing temperature and the nitrogen content, respectively. The Tauc rule for indirect band gap materials was used to extract the optical band gap:
where hν is the photon energy and α is the absorption coefficient, i.e.
Notice that the y-axis scale starts at a nitrogen content of 10 % instead of 0 % (as is the case for figures 2 (a) and (b)) since layers with lower N concentration did not show any measurable absorption in the UV range, hence having an optical gap greater than 5 eV. For the absorbing films, a gradual red-shift of the absorption edge was observed upon increase of the nitrogen content in the SiOxNy matrix, as expected. 37 T he increase of the annealing temperature, however, seems to trigger the opposite effect, hence producing a blueshift in the band edge absorption most probably due to the effective passivation of thin films.
C. Photoluminescence
The study of the PL emission as a function of both the atomic nitrogen content in the matrix and the annealing temperature proved particularly interesting, especially for Ce 3+ -doped films. Being a parity allowed transition, the emission of Ce 3+ ions from 5d 1 -to-4f 1 states becomes strongly dependent on the local coordination with its surrounding environment (nepheulaxetic effect). Thus, the gradual replacement of oxygen by nitrogen is expected to affect the luminescence properties of Ce 3+ -doped films. Tb 3+ emission, on the other hand, is governed by a parity forbidden intra-4f transition, providing weak interaction with the environment and therefore, marginal dependence on the layer stoichiometry is anticipated. Figure 3 ):SiOxNy films with N = 5 at. % (green line) presents a maximum PL intensity at 900 °C in both cases, with a gradual decrease for increasing annealing temperatures up to 1100 °C, followed by a partial recovery of the PL for even higher values up to 1180 °C. Such decrease of the PL emission has been commonly associated with the partial clustering of RE ions, 24 whereas the emergence of PL at very high temperatures may be a consequence of the formation of RE silicates that are known to emit an intense luminescence signal. 50 On the contrary, the PL-T characteristic of the Ce 3+ (Tb   3+ )-doped nitrogen-rich sample (N = 40 at. %) exhibits an ever increasing trend with an integrated PL emission at 1180 °C that is twice the best one measured at 900 °C for the sample with N = 5 at. %. Thus, in general, nitrogen incorporation provides a more favorable local environment for RE ions, as brighter PL emission is obtained.
An interesting point of discussion, bearing in mind the energy at which Ce 3+ -and Tb
3+
-doped films are excited, i.e. ~ 3.8 eV, is the main excitation mechanisms of such RE ions. With the pumping energy being resonant with the UV absorption band of Ce 3+ ions, a direct excitation from the fundamental level 2 F5/2 up to the 5d states is expected to dominate, regardless of the nitrogen content. 51 For Tb 3+ ions however, no absorption bands are located at the pumping energy, 52 and thus, indirect excitation is expected. Indeed, if we recall how the nitrogen incorporation modifies the measured energy bandgap of samples (see figure   2 (c)), we find a range from ~ 4.2 eV for nitrogen-free SiO2 hosts down to ~ 3.6 eV for a nitrogen content of 42 at. % in SiOxNy films. At this point, we propose two different energy transfer processes occurring in our Tb 3+ -doped samples that mostly depend on the material bandgap; (i) for excitation pumping energies larger than the bandgap, carrier mediated excitation from the extended states to Tb 3+ ions predominates, 52 while (ii) for pumping excitation energies smaller than the measured bandgap, the energy transfer from band tail energy states (Urbach states) to Tb 3+ ions governs the luminescence. 53 Moreover, such intraband energy transfer is expected to gain relevance for large bandgap hosts (SiO2), where the Urbach energy becomes higher. 37 A more accurate modeling of ellipsometry measurements using a Codi-Lorentz dispersion function instead of a Tauc-Lorentz expression is required to provide a first estimation of the Urbach absorption tails at energies below Eg. 41 Another remarkable consequence of the increase of nitrogen in the matrix is the gradual red-shift of the PL spectra observed in Ce 3+ -doped films. 54 As was explained before, the 5d states of Ce 3+ ions strongly interact with the surrounding media and consequently, as the luminescence is dominated by radiative 5d-to-4f transitions, modify the emission properties according to the local environment. This effect can be observed in figure 4(a) , where the peak position of the PL spectra is represented as a function of the annealing temperature and the nitrogen content. As expected, the PL spectra can be shifted by increasing either the nitrogen content or the annealing temperature. A maximum red-shift of 76 nm was measured, with an initial PL peak position of 400 nm for nitrogen-free samples. Figure 4 (b) shows three illustrative PL spectra of Ce
-doped samples with gradual red-shift. Notice that apart from the broad PL emission around 400-476 nm, which is associated with Ce 3+ radiative transitions, a much narrower doublet corresponding to Tb 3+ emission was also measured at ~ 545 nm. Thus, such emission provides an unambiguous fingerprint of the presence of Tb 3+ ions in the matrix, and indicates a residual cross-contamination of the deposition chamber. Nevertheless, the fact that no Tb incorporation was measured by RBS in Ce
-doped films limits such contamination to atomic percentages lower than the resolution limit of the RBS equipment, i.e. below 0.1 %. Surprisingly, the PL emission of both RE ions became comparable in intensity in a few samples in spite of the fact that there is significantly more Ce incorporated compared to Tb (at least one order of magnitude, 1 % versus < 0.1 %). A comprehensive explanation is that a non-negligible percentage of Tb 3+ ions is being sensitized by Ce 3+ ions, which will absorb and deliver part of the excitation energy efficiently. Indeed, such effect was already observed in similar samples containing Ce silicates and Tb
ions. 55 In our case however, we cannot discard such sensitization process to be also led by -doped films, its role in the luminescence properties is marginal in most of the analyzed samples (much weaker emission compared to the one of Ce 3+ ions) and therefore it will be disregarded from this point on. Moreover, it should be noted that we did not measure any narrowing of the Ce 3+ PL emission for samples annealed at 1180 °C. Progressive narrowing of the Ce 3+ emission (and therefore a better color rendering) is foreseen for samples subjected to increased thermal budgets due to the sequential formation of Ce silicates with a stable bonding structure, as in ref. 57 . In that work, spectral narrowing PL emission from Ce silicates was only seen after 3 h annealing at 1200 °C.
Concerning Tb 3+ -doped films, the analysis of the PL peak position as a function of the studied parameters presents an almost flat dependence since the emission is dominated by inner radiative transitions (intra-4f states) and therefore, the influence of the environment on the emission is rather negligible in this case.
D. Transmission Electron Microscopy
HRTEM characterization was performed in selected films to provide evidences of the clustering of RE ions at high annealing temperatures and also to confirm the presence of RE silicates. Figure 5 shows Ce4.667(SiO4)3O. 57 Moreover, a remarkable decrease of the RE clustering (in both amorphous and crystalline phases) was observed in nitrogen-rich SiOxNy samples, indicating a higher solubility limit for RE ions upon replacement of oxygen by nitrogen in the host.
E. Rare Earth Co-doping: Single Vs Multilayer Approach
Apart from the single RE doping, the study of RE co-doped SiOxNy films with a smart design configuration is also interesting, as such films could lead to the development of bright samples with wide color tunability. For that however, one should take into account the ion-ion interactions, especially for the case explained above, in which Ce 3+ ions assist Tb 3+ luminescence via efficient sensitization. Although such an effect is generally of high interest as it yields considerable improvement of the PL emission of Tb 3+ ions, it also quenches almost completely the PL emission from Ce 3+ ions, hence compromising the color mixing. Therefore, a new set of samples based on the multilayer approach was designed to minimize such effects. In particular, three new designs were explored using the matrix composition with the highest nitrogen atomic average RE concentration of 1 at. %, equal to the previous batch of samples. Figure 6 (a) displays a schematic cross-section of each design. Whereas Ce 3+ and Tb 3+ ions are randomly distributed within the film in the first approach, the latter two provide a physical separation between them. Notice that the effective thickness of emission layer is the same in all cases, around 60
nm. The structure of each approach was validated by TEM measurements, revealing features in agreement with the proposed designs, as seen in figure 6(b) . Remarkably, neither waviness nor layer mixing is observed. In addition, the fact that the morphological structure remains unaltered even after annealing at 1180 °C for 1 h validates the fabrication process and suggests the robustness of samples (see inset of figure 6(b) ). Moreover, the emergence of RE clustering under high thermal budget seems to be marginal in the multilayer approach, in accordance with previous works that already report on the absence of clustering in RE-doped multilayer-based samples containing either Er or Tb dopants.
42,58 Figure 7 shows the PL characterization of RE co-doped samples as a function of the annealing temperature, with Figure   7 (a) being the one corresponding to the single layer, Figure 7 (b) the bilayer and finally Figure 7 (c) representing the multilayer approach. Focusing on the single layer first, we observe two different trends for Tb 3+ and Ce 3+ peak emissions. Whereas the emission of the Ce 3+ peak remains almost constant or suffers a rather moderate improvement with the annealing temperature, the emission of Tb 3+ shows strong increase from 800 °C on. Indeed, at the maximum annealing temperature, the emission of the Tb 3+ main peak is of about one order of magnitude higher than that of Ce
3+
. This effect can be understood as an indirect fingerprint of the interaction between optically active Ce 3+ and Tb 3+ dopants, and more precisely of the energy transfer between them. Furthermore, we can distinguish between two different regimes depending on the annealing temperature: for an annealing temperature up to 1000 °C, the energy transfer is moderate and so is the PL enhancement of the Tb 3+ peak with regard to Ce 3+ emission; on the other hand, the Tb 3+ emission increases dramatically for higher annealing temperatures, presumably as a consequence of a more efficient sensitization of Tb 3+ ions. Indeed, considering the range of annealing temperatures at which the onset occurs, it seems reasonable to assume that the energy transfer becomes remarkably more efficient when Tb 3+ ions are sensitized by Ce silicates that have formed during the annealing treatment. As a consequence, the PL line shape of the sample becomes gradually changed for increasing annealing temperatures, as seen in the inset of figure 7(a). Interestingly, this situation no longer applies for the two other configurations (the bilayer and the multilayer) displayed in figures 7(b) and (c) that show an even increase of the Ce 3+ and Tb 3+ PL emission, suggesting that the ion-ion interaction can be neglected for these samples, as expected. Although the difference is rather subtle, we can also differentiate between the approaches II and III, since partial saturation of Ce 3+ emission under high annealing temperature is only observed in the RE co-doped bilayer in which SiO2 spacers were not defined. Therefore, the sequential stacking of single doped RE-SiOxNy layers separated by SiO2 barriers seems to be the most promising design that yields strong luminescence from both RE ions. Thus, a suitable scenario to develop RE-doped luminescent thin films with wide color tunability is foreseen, just by adjusting the thickness of each RE-doped film.
Indeed, such an effect was already observed for the current set of samples for the different annealing temperatures. Hence, depending on the fabrication conditions, the color of emission can be swept from the cobalt blue emission typical for Ce 3+ ions up to the emerald green of Tb
. This situation is depicted in figure 8(a) , where the XYZ coordinates of the PL emission of different samples are represented in the CIE chromaticity diagram. As can be seen, the change in chromaticity coordinate follows a linear trend in the CIE diagram that varies according to the contribution of each luminescence peak. Also, the PL emission of representative samples under room lighting conditions is shown in figures 8(b), (c) and (d) to better illustrate the variation of the color of emission with the fabrication parameters studied in this work.
F. Optoelectronic characterization
In order to gain further insight into the luminescence properties of RE-doped thin films and to validate their implementation in electroluminescent devices, a series of test devices were fabricated. For that, selective ITO deposition was performed over thin films to define the top contact, while covering the backside of the sample with Al to be used as a back contact (see section II for further information). As can be observed in figure 9(a) , where a top view of a single ITO electrode is shown, the selective ITO patterning technique seems to be reasonably accurate, resulting in a well-defined and compact ITO electrode. Also, the zoom-in image of figure 9(b) denotes a granular structure, with a mean grain diameter of about 100 nm, similarly to that reported elsewhere. 59 In addition, the ITO electrodes present a polycrystalline morphology that was confirmed by XRD measurements, showing several diffraction peaks at specific angles that correspond to the different crystallographic planes (see very similar emission lines that point to a RE emission pattern that is independent of the excitation source (a very similar spectral line-shape was also observed in PL measurements). Concerning the excitation mechanism of RE ions under electrical pumping, direct impact excitation of hot electrons with energies above the conduction band has been typically reported as the most plausible mechanism in RE-doped silicon oxides and silicon oxynitride thin films 5, 29, 58 , although the energy transfer from the matrix to RE ions via carrier mediated excitation cannot be completely ruled out.
A first inspection of the main charge transport mechanisms was carried out by means of the J-E characteristic of samples, as seen in figure 10(d) . A forward-reverse sweep from 0 to 8 MV/cm was performed, with steps of 0.01 MV/cm (quasi-static sweep). As all measurements are shown in absolute values, we shall mention that devices were polarized with negative voltages over the top electrode, hence forcing a constant top-down electron flow, with a negligible hole contribution in the opposite direction (N ++ Si substrates). Interestingly, devices containing a nitrogen-rich active layer (i.e. Ce:SiOxNy and Ce/Tb ML)
show an electric field threshold for conduction (at 2.5-3 MV/cm) that is around of 2 MV/cm lower than in devices containing a nitrogen-free active layer (device Tb:SiO2), where the threshold occurs at 4.5-5 MV/cm. Thus, the inclusion of nitrogen in silicon oxide thin films provides a considerable improvement of the conductivity by generating new intraband trapping sites. 29 Noteworthy, the J-E characteristic of the RE co-doped multilayer is located between the one of Tb:SiO2 (sample with the lowest conductivity) and Ce:SiOxNy (sample with the highest conductivity). This behavior seems reasonable when bearing in mind that the multilayer is a mix of low (SiO2) and high (SiOxNy) conductive sub-layers. Nevertheless, we shall emphasize that such reasoning does not always apply, especially for samples with considerably larger number of stacked sub-layers, since the role of the interfaces, and more particularly of the interfacial trapping sites, starts gaining relevance to the conductivity.
Indeed, this was the case for sub-nanometer Tb-doped SiOx/SiOxNy superlattices, where trapping sites at the interface were believed to be decisive in charge transport. 42 In our case however, the number of periods is lower and the deposited sub-layers are considerably thicker than in the superlattice (4 periods of 15/5 nm instead of ten periods of 0.7/0.9 nm), hence limiting the influence of the interfaces on the charge transport.
Two main compact models successfully reproduced the experimental J-E curves of single RE doped devices: trap-assisted tunneling with an average trap energy of ~ 2.0±0.5 eV predominates in Tb:SiO2 devices, while Poole-Frenkel conduction governs charge transport in Ce:SiOxNy devices, with a relative permittivity of ~ 7±1. These results are in agreement with our expectations, as the charge transport in SiNx and SiOxNy thin films is normally governed by the number of available trapping sites in the host, whereas the nearly stoichiometric SiO2 thin film is a rather low defect density material which makes the charge transport to be mostly governed by tunneling events. 60 With regard to the RE co-doped multilayer, a combination of charge transport conduction between SiOx and SiOxNy is expected, although the P-F conduction model was the one that displayed the most accurate fitting of J-E curves, with a relative permittivity of ~ 6±1. This value is plausible when bearing in mind the relative permittivity of SiO2 (εr ~ 4) and Si3N4 (εr ~ 7). Notice that there is a relatively large variation of fitting parameters from one device to another, which has been attributed to the simplicity of fabricated test devices. Better homogeneity in the J-E characteristic of samples is expected for devices fabricated using the standard CMOS process, with a well-defined field oxide spacer to limit crowded currents and device cross-talks, a protecting SiO2 (or Si3N4) layer to isolate devices from the environment and by defining a metal ring in the contour of ITO electrodes to guarantee uniform current injection. Still, the optoelectronic characterization of the studied test devices is worthy as it provides a good estimation of the electro-optic performance of deposited films using a simplistic fabrication process, with no need of optical lithography nor etching processes that commonly require several steps and the use of hazardous solvents.
Interestingly, no direct correlation was found between the measured current and the area of the electrodes. Such lack of correspondence between the current and the device area is often used as a proof of the formation of filamentary currents in switching memory devices. 61 In that scenario, our thin films would display filamentary currents that show at least one discontinuity (most probably several), since either trap assisted tunneling (TAT) conduction or P-F charge transport was previously identified in the J-E characteristic. Therefore, the conductive pathways would be broken at specific sites inside the active layer, creating dielectric barriers for electrons that would be surpassed either by tunneling (TAT) or by defect-assisted conduction from neighboring defect sites (P-F). Indeed, a similar model based on discontinuous filamentary currents assisted by TAT mechanisms has already been reported in resistive switching devices containing off-stoichiometric SiOx thin films. 62 Based on these results, we assume a similar phenomenon in our devices.
Finally, in order to further corroborate our hypotheses, a reliability test was carried by means of the constant current stress method. 63 For that, a selected current density is applied (a value that yields a measurable EL signal) while measuring the V-t characteristic, as seen in figure 10 (e). The EL-t was also monitored simultaneously, although it is not shown here as it displayed an almost constant value over time until the device breakdown. The observed increase of voltage over time is characteristic of thin dielectric films and denotes a progressive charge trapping due to subsequent creation of new trapping sites. Indeed, such gradual trapping generation is believed to be one of the primary reasons of the hard breakdown in thin dielectric films. 64 In our test devices, the breakdown takes place after ~ 3200 seconds of continuous operation, as noted by the abrupt voltage drop in figure 10 (e). From this point on, devices displayed a permanent low-resistive state with no measurable EL signal that confirm the irreversible damage induced in the film. Indeed, such degradation is clearly evidenced on the surface topology of the ITO electrode, showing 'burned' conductive pathways around the area of the contact point (see image I at the inset of figure 10(e)).
Such permanent fingerprint, which is believed to be a consequence of the elevated joule heating of the passing current density across the ITO electrode, proves the existence of filament currents in our devices. Thus, the timing of the device breakdown strongly depends on the ability to form low-resistive percolation pathways by interconnecting randomly distributed trapping sites along filaments. 65 Remarkably, the damaged region occurs only at local level, since both the high resistive state and the EL signal are partially restored when moving the polarization tip far away from the burned zone. Thus, the new contact point provided similar optoelectronic properties than pristine devices for a few hundred of seconds, after which a new burned zone was defined (see image II at the inset of figure 10(e)). Interestingly, the conductive filament traces seem to link with the former ones produced at the first contact point. To further corroborate this phenomenon, the process was repeated one more time, placing the polarization tip at a third different position. This time, although the high resistive state was partially recovered for a short period of time, it rapidly switched to the low-resistive state after few seconds, showing a very similar burned zone around the contact point that also links with previously damaged regions. This behavior is expected on the basis that filament currents are preferably formed around weak points where the conductivity is higher (probably due to a higher defect density), as is the case for the burned regions around contact points I and II. Interestingly, the timing of the local breakdown shortens for subsequent polarizations at different contact points, suggesting the enhanced degradation of the active layer. Another important point that deserves some attention is how the joule heating affects the quality of the ITO electrode after each local breakdown. From visual inspection, it seems reasonable to assume that the electrical and optical properties of ITO change when the active layers switch to a low-resistive state. As a first approximation, it could be considered that the ITO is being subjected to an additional high temperature annealing at specific sites caused by the joule heating dissipation of filament currents. As a consequence, the resistivity of the ITO electrode would increase accordingly, providing an additional resistance to the device.
This fact was confirmed by measuring the J-E curve after the local breakdown (which displayed an ohmic-like behavior) and extracting the resistivity value assuming perfect conductive filaments (resistivity of the thin film ~ 0), that being around one order of magnitude higher than the resistivity of pristine ITO layers measured using the Van de Pauw method. Noticeably, the measured resistivity from the J-E curve also accounts for the resistivity of the bottom electrode, which may also play an important role (the resistivity of an Ohmic J-E curve is limited by the resistance of the two metal contacts). Nevertheless, and since the resistivity of the bottom contact (Al) is markedly lower than the one measured for the ITO contact, we expect such increase to be mostly due to the increase of the ITO resistivity. Further analysis focused on the microstructure and morphology is required to provide a more detailed picture of the main properties of the ITO electrodes after stress polarization.
IV. CONCLUSIONS
The suitability of Ce 3+ -and Tb 3+ co-doped SiOxNy thin films as active layers in electrically driven Si-based light sources has been assessed. Thin films were deposited in an ECR-PECVD system with in-situ RE doping capability. Luminescence of samples containing a single RE dopant was first optimized based on two primary fabrication parameters: the annealing temperature (from 500 °C up to 1180 °C) and the nitrogen atomic percentage of the SiOxNy compound. Departing from a nearly stoichiometric SiO2, the nitrogen incorporation was gradually increased up to 42 at. %, at the expense of the oxygen conductive oxides (ITO) were deposited at specific sites over thin films by using a shadow mask approach. EL spectra in agreement with the radiative transitions of Ce 3+ and Tb 3+ ions was collected, and a correlation between the charge transport mechanism and the sample composition was performed. Moreover, the constant current stress method was implemented to further insight on the early degradation of fabricated test devices, showing a breakdown process dominated by the progressive creation of highly conductive filament currents that generate excessive joule heating at localized sites around the polarization point. Superior performance is foreseen in devices fabricated using a standard CMOS process. 
